Abstract-This paper reports on a fuzzy logic correction technique for the IRI90 climatological ionospheric model that uses a sparse set of GPS total electron content (TEC) measurements to provide a significant model correction over the entire sub-solar equatorial bulge. Crisp inputs, represented by a sparse set of GPS measurements of ionospheric TEC, are ingested into the fuzzy correction model which is composed of a set of fuzzy membership functions and a knowledge base (fuzzy rules). The fuzzy logic estimation is an iterative procedure that begins with the uncorrected model as the zero order prediction of the shape of the subsolar equatorial bulge. The measured data (inputs) are fuzzified to account for errors in the GPS measurements of TEC, and then are mapped onto fuzzy input-membership functions. The knowledge base is then accessed, firing the appropriate rules, to produce a fuzzy output estimate of the correction. This fuzzy estimate is then defuzzified to provide a crisp output correction that modifies the shape of the zero order prediction bulge to better fit the GPS data and to produce a first order prediction. The procedure is repeated until termination criteria are satisfied. The goal of the process is to accurately reproduce the characteristic signature of the ionospheric TEC along a satellite subtrack across the sub-solar equatorial bulge. The fuzzy logic model can make large scale alterations to the model prediction without requiring an extensive measurement data set and without inducing spikes in the local vicinity of the ingested data points. In particular, the IRI90 climatological model estimates of the ionospheric TEC were adjusted using two concurrent TEC measurements at locations approximately 800 km apart along the satellite ground track. The fuzzy correction model was run for 18 iterations, approximately full convergence. The averaging over sunlit passes provides an upper bound on the error since the spatial and temporal sampling allowed by the equatorial application include night time passes with low TEC. The residual error is dominated by the failure to match the structure of the TEC peaks north and south of the geomagnetic equator. Incorporating measured global averaged ionospheric geomagnetic index and a local solar zenith angle as inputs to the fuzzy logic may allow this error to be reduced. Fine tuning of the fuzzy logic model rules and full development of the multi-GPS station ingestion scheme can now proceed given that this first test shows that potentially the fuzzy logic correction is able to produce a correction that could satisfy the equatorial basin-scale measurement needs for GFO.
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I. INTRODUCTION
The Navy GEOSAT mission (1985) (1986) (1987) (1988) (1989) (1990) proved the capability of the single-frequency radar altimeter to measure the mesoscale (100-500 km across) ocean features needed for Navy operations and to measure the variation in basin-scale (10 000 km) ocean features [1] - [2] . Ionospheric delay is a major error source in GEOSAT measurements of mean basin-scale ocean circulation, despite a correction for long wavelength ionospheric path delays produced by climatological ionospheric models. The TOPEX/Poseidon mission, which ranges at two frequencies (5.3 GHz and 13.6 GHz), can measure and correct the ionospheric error that has corrupted basinscale circulation measurements in the past. The new Navy GEOSAT Follow-On (GFO) Mission, to be launched in 1997, is a small satellite solution for providing single-frequency altimeter data (at 13.5 Ghz) that will be used to support Navy, NOAA, NASA, and university ocean science and ocean monitoring efforts.
Navy operational needs are focused on mesoscale oceanography so there is no formal requirement for an ionospheric correction. Users employing GFO for basin-scale measurements will require an ionospheric correction that provides a mean range error resulting from ionospheric delay not to exceed 60.9 cm (64 TECU). The user community would, of course, like an ionospheric correction for GFO that provides the 60. 2 ). For some users, the 1 cm correction must be provided for every 3-s (21 km) sample of measured data. However, for many equatorial ocean applications, a more relaxed requirement is possible because of the large spatial and temporal averaging used in the data processing [3] . To meet that averaged basin-scale measurement need, a 1 cm ensemble error over all passes during a 1-month time scale and 100 km N-S x 1000 km E-W spatial scale must be achieved.
The global rms ionospheric effect is small, approximately 6 cm (27 TECU). The effect can, however, reach 26 cm (120 TECU) around the sub-solar point near the equator (approximately within 620 degrees latitude -an area of particular interest to global circulation modeling efforts). The accuracy of current models generally satisfy the stated requirement globally except over the sub-solar equatorial bulge where errors of 26 cm (6120 TECU) are common. Climatological models such as IRI90 [4] provide predictions of ionospheric total electron content (TEC) based on monthly means and have errors as high as 50%. For many regions, the total effect is small and this error is acceptable; however, near the sub-solar point, the error can reach in excess of 50 TECU even under benign sun conditions. Parameterized models, such as PRISM [5] , combine a set of interpolation coefficients for an empirical estimate of the ionosphere with a physical model of the properties and transport in the ionosphere to provide estimates of the various layers of the ionosphere. Models of this type have not proven to be more accurate than the climatological models [6] .
The Navy, NASA, and NOAA have been pursuing techniques for ingesting GPS groundstation TEC measurements into models to improve their prediction capabilities. The GPS data are available on a timely basis, providing full temporal coverage and a global, though sparse, distribution of measurement stations (coverage is particularly sparse in the Equatorial Pacific) ( Fig. 1 ). Traditional data assimilation methods assume a short correlation distance (approximately 100 km) and would require a dense GPS data set for full global coverage. JPL is developing a technique to interpolate the sparse set of GPS measurements onto a global sun-fixed grid that can be used for altimeter ionospheric correction [7] . This paper reports on a fuzzy logic correction technique for adjusting the IRI90 climatological ionospheric model that allows the sparse set of GPS measurements to provide a significant model correction over the entire sub-solar equatorial bulge in the alongtrack TEC profile. (Although this technique could be developed for other ionospheric models, only the IRI90 model was considered for this initial effort.) The primary objective of this first effort is to demonstrate the feasibility and potential of the technique. This was accomplished using TOPEX/Poseidon ionospheric measurements as "ground truth" for the model comparisons. (TOPEX operates in a 1334 km altitude, 58 degree inclination orbit providing profiles of ionospheric TEC along a ground track that exactly repeats every ten days.)
During this initial effort, fuzzy logic corrections were computed along four TOPEX/Poseidon ground tracks for daytime passes across the equator. For each of these, it was assumed that two GPS measurements were located along the ground track approximately 800 km apart. The fuzzy logic corrected model predictions were compared with the TOPEX measured TEC profiles.
II. THE IRI90 CLIMATOLOGICAL IONOSPHERIC MODEL
The International Reference Ionosphere (IRI) is an empirically based monthly average (climatological) model of the nonauroral, magnetically quiet ionosphere from 100 km to 1000 km. It was developed by the Committee on Space Research (COSPAR) with the concurrence of the International Union of Radio Science (URSI). The goal of COSPAR in creating IRI was to provide a standard reference of the ionosphere that could be used in experiment design, estimation of the environment, and theory validation. With this goal in mind, the model was set up as empirically based tables that were not dependent on theoretical assumptions. The tables describe the monthly median vertical profiles of the main parameters of the ionospheric plasma, providing a representative sample of locations, times of day, seasons, and solar activity. The parameters represented in IRI include: electron density, electron and ion temperature, and (positive) ion densities. The model's world wide database is collected from ionosondes, topside and bottomside sounders, rocket measurements, satellite data, and ground-based absorption measurements. Spherical harmonics are used to describe the global variations with latitude and longitude, and, analytic expressions and functional fits interpolate the database to describe the temporal and spatial variations in ionospheric temperatures and densities. IRI has been continually improved since the initial work in the late 1960's, with the latest release in 1990 [4] . IRI90 can run on several platforms, including a DOS version for the PC. The software is available from The National Space Science Data Center, Goddard Space Flight Center, Code 633.4, Greenbelt, MD, 20771.
The correction technique described in this paper derives a first estimate of the TEC profile along the satellite subtrack and a contour map of TEC over the equatorial bulge from the model. The required inputs are solar sunspot number, day of year, hour (UT), and the latitude, and longitude for each point on the track.
III. GPS MEASUREMENT OF THE IONOSPHERE
The GPS consists of a constellation of satellites that transmit Lband (1.2 and 1.6 GHz) radio signals to a large number of users with GPS receivers that employ the system for navigation, time transfer, and relative positioning. The complete constellation is targeted for 21 active satellites with three spares orbiting at 20 000 km in 6 orbital planes to give continuous, global, multisatellite coverage at any location.
GPS groundstations can track GPS satellites at elevation angles as low as 20 , precisely measuring the time delay for the round trip signal at both frequencies. The ionosphere introduces a propagation delay in the two radio signals that differ according to a known dispersion relation [8] . A measurement of the TEC along the slant path from the ground station to the satellite is derived using the measured delay difference and the dispersion relation. An estimate of the TEC along a nadir-looking path can be obtained by modeling the ionosphere as a thin shell at 350 km altitude and treating all the electron content as being resident within the shell at the horizontal location where the slant path penetrates the 350 km altitude point.
Continuous, near simultaneous measurements from multiple GPS satellites can be made by each GPS groundstation providing time histories of the TEC at several locations in the ionosphere that can be at spacings near 800 km apart. A single measurement of TEC amplitude, for the time of closest approach of the GFO satellite, is determined for each GPS groundstation penetration of the ionosphere by averaging over a data span in the time history to reduce the noise in the signal. Each pair of amplitude measurements determine the TEC slope between the two locations. The amplitude and slope measurements from all GPS groundstations under the entire sub-solar equatorial bulge at the time of the altimeter satellite pass are available to correct the shape of the TEC profile along the satellite ground track.
Each GPS groundstation is assigned to one of a set of "regions" on the IRI90 contours of the double humped structure at the equatorial bulge (e.g., the Goldstone station is on the "Northern Slope Region" of the bulge, and the Easter Island station is on the "Southern Peak Region" of the bulge). Depending on the region of the GPS penetrations, different sets of fuzzy rules are used to correct the shape of the equatorial bulge. For the first test developed in this paper, two simultaneous along-track GPS measurements 800 km apart in the Northern Slope Region of the bulge were derived from the TOPEX TEC data itself.
IV. FUZZY LOGIC ADJUSTMENT TECHNIQUE
Fuzzy logic provides the mechanism for adjusting the alongtrack profile of TEC with non co-located GPS measurements of TEC. The goal is to accurately reproduce the characteristic signature of the ionospheric TEC along the satellite subtrack across the sub-solar equatorial bulge as indicated (Fig. 2) . The fundamentals of fuzzy logic are described in several texts including the excellent work by Kosko [9] and numerous review and tutorial articles [10] - [12] .
The fuzzy logic estimation is an iterative procedure (Fig. 3 ). The IRI90 model provides the initial estimate (step 0) of the TEC contour map over the equatorial bulge. An amplitude error is computed as the difference between the measured GPS TEC and the step 0 contour map of the TEC for each penetration. A set of TEC slopes are determined for each GPS groundstation for each pair of penetrations. A slope error is computed as the difference of the GPS and step 0 map slopes for each pair of penetrations. The fuzzy logic computes the correction and adjusts the shape of the contour map (to produce the step 1 map) based on these error input signals. New error signals are computed (from the step 1 map and GPS data). The iteration continues until the termination criteria are satisfied and a profile of TEC along the satellite track is computed from the final map.
The fuzzy logic breaks the range of possible values that the input amplitude and slope errors can assume into a set of fuzzy membership functions [ Fig. 4(a) ]. Five overlapping triangular sets are defined: negative large (NL), negative medium (NM), negative small (NS), zero (ZR), positive small (PS), positive medium (PM), and positive large (PL). Membership functions for the solution variables A and W (described below) are also defined [ Fig. 4(b) ]. Triangular membership functions have proven to be effective over a wide range of control and estimation problems [9, chs. 8, 9] the membership function primarily impact the speed of convergence of the iterative estimation process.
A set of if-then rules define how input fuzzy-set-membership maps to output fuzzy-set membership. The rules capture the combined effect of the (one or more) input variables on each of the output (solution) variables. These rules are the heart of the technique, as they capture the analyst's expert knowledge of how the contour map should be modified given the measured data. For example, for the ionospheric correction case presented, there are two fuzzy input variables, deltaa which is a measure of the amplitude difference between the TEC predicted at step N and the measured TEC, and delta s which is a measure of the slope difference between the prediction and the measured data. There are two output variables from the fuzzy logic estimation process: A, an amplitude correction factor and W, a width correction factor. These factors are applied to every data point in the entire step N TEC profile to produce the input TEC profile for the next step (N + 1) in the iteration (the calculation of new amplitude and slope errors).
The new TEC versus longitude curve (step N + 1) is completely determined by A, W, and the curve from the previous iteration (step N). "A," the additive correction factor applied to each TEC data point (i) on the profile, changes the TEC amplitude without changing the profile width amplitude N+1 (i) = amplitude N (i) + A:
(1) "W" is the curve width correction that spreads or contracts the horizontal axis of the step N prediction profile, i.e., longitude or latitude. W changes the profile width by changing the longitude of each TEC data point without changing the TEC amplitude and L mid and dL W do not change with iteration (they remain constant throughout the entire iteration process). Note that the distance between a data point and the center of the step 0 TEC profile for step
is adjusted nonlinearly by the hyperbolic tangent function (weighted by W) to produce a new distance for step N+1
The tanh function causes points far from the center to be moved a greater distance than points near the center. The A and W corrections are obtained by using a set of fuzzy rules of the form IF delta a is NS AND delta s is PS THEN A is ZR AND W is PS.
(4) Some representative rules are shown (Fig. 5) to illustrate the errors and the resulting contour adjustments.
The inference procedure first determines the degree of membership between the input values and the input-fuzzy-membership functions as defined by the "if-then" rules and indicated by the vertical lines (Fig. 6) . The input values are crisp numbers with uncertainty in the measured values that is treated as spread in the crisp inputs. For this case, the input variable deltaa is contained in two fuzzy input sets (ZR and PS) and delta s is contained in two sets (ZR and PS). The amplitude of the fuzzy output set for each rule is the intersection of the fuzzy sets containing deltaa and deltas: It is obtained by taking the minimum of the degree of membership for the two input values (indicated by the horizontal lines).
The fuzzy output distribution for the amplitude correction is the point-by-point maximum across the set domain over all the contributing output sets. Note that even though crisp values are used as inputs (which are fuzzified by the measurement uncertainty) the output of the fuzzy rules is a fuzzy set. For specifying an amplitude correction, the output fuzzy set has to be defuzzified. This is done by taking the centroid of the fuzzy output distribution to produce a crisp number that is applied to the step N prediction. In the figure, only the path to the amplitude correction is shown. An identical procedure is used to obtain the width correction.
V. RESULTS
Four TOPEX ground tracks in the Pacific were uses in this study (passes 32, 134, and 210 of cycle 17, and, pass 108 of cycle 18). These ground tracks were descending passes, going from Alaska to the southern tip of South America, with respective equator crossings at 200. 55, 194.89, 197 .72 and 203.39 longitude. The local equator crossing times were 14.11, 13.29, 12.69 and 11.48 h. The IRI90 model was run for the four passes and then fuzzy logic adjustments were computed. The adjusted model predictions were compared with the nadir-looking ionospheric TEC measured by TOPEX.
Pass 108 of cycle 18 [ Fig. 7(a) ] shows the fuzzy logic adjusted model compared with the original model and the TOPEX "ground truth" measurement. Mean TOPEX measured TEC values at the two locations indicated by the vertical lines were used to simulate GPS measurements, and provided the initial estimate of the delta amplitude and delta slope (4.8 TECU and 4.7 TECU/degrees longitude, respectively) to start the fuzzy correction process. The initial mean model errors were 07.44 TECU for the full pass and 017.00 Table I . Examination of the passes on a point-by-point basis indicates that the difficulty occurs primarily because of the shape of the double peaked structure centered on the geomagnetic equator. The fuzzy adjusted model used 17 rules that addressed GPS groundstation locations in the Northern Slope Region. The rules were not designed to address the asymmetry in the double peaks since the expert judged the data in the slope region contains no information on the structure of the peaks. Expert opinion [12] does, however, indicate that the structure of the peaks is directly related to the measured value of the global averaged ionospheric geomagnetic index and a local solar zenith angle. Incorporating this second data source as an input to the fuzzy logic may allow this component of the error to be reduced.
The equatorial ocean application specifies errors over a one-month (24 passes), 1000 2 100 km area ensemble. For that ensemble, half of these would occur at night, reducing the average error. For this test, four daytime passes were averaged over 620 degrees latitude. The 4.65 TECU error result indicates promise that the this specification can be satisfied in an operational system.
VI. CONCLUSIONS
Initial results using a fuzzy logic adjustment, based on only two concurrent data points approximately 800 km apart, showed a mean model improvement to within 00.32 TECU averaged over the four entire passes when compared with TOPEX data. As designed, the fuzzy logic technique shows promising results. Realizing an operational ionospheric prediction system for GFO, based on the fuzzy logic technique, would require: testing with measured versus simulated GPS data, incorporating the logic for multiple GPS stations, and demonstrating that the resulting ensemble average satisfies the 64 TECU requirement for equatorial ocean applications. The fuzzy logic technique can be extended in a number of alternative directions. Other sources of ionospheric data can augment the GPS ground station data that will always be sparse particularly in the equatorial Pacific region. Other potential sources of data include: occultation measurements from GPS receivers on satellites, nadir looking ionospheric measurements from satellites such as TOPEX, and ionosonde measurements. The required type and density of measurements is subject to further research. The use of data such as the geomagnetic index and the solar zenith angle for a fuzzy classification of TEC profile shapes near the geomagnetic equator is presently under consideration. Finally, other model ionospheres, such as PRISM, could be used as the basis of the technique.
